Seven undescribed phenylspirodrimane derivatives, stachybochartins A-G (1-7), and four known analogues (8-11) were isolated from the endophytic fungus Stachybotrys chartarum obtained from Pinellia ternata. Stachybochartins C and G exerted strong anti-proliferative activities against U-2OS cells in concentration-and time-dependent manners and induced apoptosis.
Introduction
Phenylspirodrimanes are a group of meroterpenoids in which a benzene ring attaches to a drimane sesquiterpene, forming a spirofuran structure. They are particular metabolites that have only been discovered from two fungal genera, Stachybotrys and Memnoniella. 1 Phenylspirodrimane members have been reported to have diverse biological activities, such as antiosteoporosis activity, 2 the ability to inhibit immune-complex disease 3, 4 and tyrosine kinase receptors, 5 and antihyperlipidemic effects. 6 Due to their unique structures and potential medical applications, chemists are also interested in the synthesis of phenylspirodrimanes and have developed different processes to totally synthesize several bioactive examples, like K-76, L-671, and corallidictyals A-D. [7] [8] [9] It is worth noting that a few derivatives of phenylspirodrimanes have been found as dimers. The two monomers in dimers such as stachybocins A-C 10,11 are normally linked through different alkyl diamine chains, which are presumably derived from different amino acids. Chartarlactam L was the rst dimer reported with a C 8 0 -C 8 000 linkage 6, 12 and, thereaer, two dimers, stachartone A and stachartarin A, 13, 14 were reported to unusually dimerize through the formation of a 2-phenyl-1-indanone fragment. The dimers were also found to possess potential biological activities that were different to those of the monomers, such as antibacterial activities, HIV-1 protease inhibitory effects, and potential ET receptor antagonists. 10, 11, 15 Recently, during metabolite research into endophytic fungi from Pinellia ternata, [16] [17] [18] [19] chemical investigation of the strain Stachybotrys chartarum PT2-12 led to the discovery of four phenylspirodrimane C-C-coupled dimers (1) (2) (3) (4) and three new monomers (5-7), along with four known examples (8) (9) (10) (11) (Fig. 1) . Differently to the C 8 0 -C 8 000 linkage in chartarlactam L, 6 the two monomers in 1 and 2 were dimerized through the unusual C 7 0 -C 7 000 linkage. The isolates were assayed for their cytotoxic activities against three human cancer cell lines (MDA-MB-231, U-2OS and MCF-7). Stachybochartins A-D and G showed potent cytotoxicity against MDA-MB-231 and U-2OS cells and stachybochartins C and G were found to exert significant anti-proliferative activities against U-2OS cells through the activation of caspase-dependent apoptosis. Herein, the isolation, structural elucidation, and cytotoxic activities of these stachybochartins are described. The above data resembled that from stachybotrylactones, yet only showed half the total mass revealed by MS studies. 20 Therefore, 1 was deduced to be a dimeric phenylspirodrimane with a symmetrical structure. HMBC results further conrmed the phenylspirodrimane structure (Fig. 2) . The correlations from H 3 -15 to H-1/H-5/H-9/H-10, from H 3 -14 to H-3/H-4, and from H-3 to H-1/H-5 veried the drimane sesquiterpene moiety. Meanwhile, the spirobenzofuran moiety was revealed through correlations from H 2 -11 to C-1 0 , C-2 0 , C- The methine nature of C-7 0 revealed the C-7 0 -C-7 000 bond between the two symmetrical units. Based on the ECD exciton chirality method, 21,22 the (R)-conguration of C-7 0 /C-7 000 was revealed through the negative couplet of the benzene moiety at around 210 nm (Fig. 3a) , which was further conrmed via ECD calculations (Fig. 3b) systems (C-1-C-3 and C-5-C-12), which further assisted the elucidation of the drimane moieties through the HMBC correlations from H 3 -15 to H-1/H-5/H-9/H-10, H 3 -14 to H-3/H-4, and H-3 to H-1/H-5. The correlations from H 2 -11 to C-1 0 , C-2 0 , C-6 0 , C-9, and C-10 further conrmed that the attached benzene ring and that the two drimane moieties were closely approximated in space. ECD calculations were further used to verify the cong-uration. As shown in Fig. 5 , the 3a calculated spectrum showed overall agreement with the experimental ECD spectrum, which determined the 3R, 5S, 8R, 9R, 10S, 8 0 R, 3 00 R, 5 00 S, 8 00 R, 9 00 R, 10 00 S and 8 000 R conguration of 3.
The molecular formula C 50 H 66 O 12 of stachybochartin D (4) was determined from HRESIMS data. 1D and 2D NMR data analysis revealed that 4 possessed the same dimeric phenylspirodrimane skeleton as 3, but with different substituents. Two additional acetoxyl groups were placed at C-2 and C-3, as established via the HMBC correlations from d 
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Stachybochartin F (6) was assigned the molecular formula of C 27 H 38 NO 6 from positive HRESIMS data. The 1 H and 13 C NMR spectra of 6 were almost identical to those of stachybotramide (10) . 23 The differences were the additional acetyl group and the upeld-shied H 2 -10 0 of 6, suggesting that 6 was the 10 0 -OH 25 and the absence of an acetyl group indicated the deacetylation of 7-OH in 7. The planar structure of 7 was conrmed via HMBC correlations (Fig. S8 †) and H-6 0 had opposite orientation, and the identical ECD curve (Fig. S9 †) to that of stachybisbin B determined the same 6 0 R and 7 0 S congurations in 7. In addition, the 3 0 S conguration was determined via the modied Mosher's method (Fig. 7) .
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Therefore, the absolute conguration of 7 was determined to be 3 0 S, 6 0 R, and 7 0 S.
All the isolates were evaluated for their cytotoxicity against three human cancer cell lines: MDA-MB-231, MCF-7, and U-2OS. Stachybochartins A-D (1-4) and G (7) displayed activity against the human cancer cell lines MDA-MB-231 and U-2OS, with IC 50 values ranging from 4.5 to 21.7 mM, but all the isolates were inactive (IC 50 > 50 mM) against the cell line MCF-7 (Table S1 †).
Stachybochartins C (3) and G (7) showed a more remarkable effect on U-2OS cells than on other cell types, thus their cytotoxic effects were further evaluated on U-2OS cells with doxorubicin (DOX) as a positive control (Fig. 8A ). As shown in Fig. 8B , both 3 and 7 signicantly inhibited the cell viability in concentration-and time-dependent manners, which was also conrmed by the results of colony formation assays, as shown in Fig. 8C . Together, these data indicated that 3 and 7 inhibited the proliferation of U-2OS cells.
To investigate whether the cytotoxicity was associated with cell apoptosis, we respectively detected the apoptosis of U-2OS cells aer treatment with stachybochartins C (3) and G (7). Compared with the control, the percentage of apoptotic cells increased in a dose-dependent manner for both the stachybochartin C and G groups (Fig. 9A) , indicating apoptosis in the cells. The caspase-cascade system plays a crucial role in cell apoptosis, and caspases are the executors of apoptosis. 26 Therefore, we examined the expression of caspase-related proteins in stachybochartin G-treated U-2OS cells. Signicant caspase-8, caspase-9 and PARP processing were observed in the total cell lysates, and their cleavages markedly increased in a dose-dependent manner (Fig. 9B) . Thus, these data suggest that the cytotoxic effects of stachybochartin G on U-2OS cells were caused by the activation of caspase-dependent apoptosis.
Conclusions
In conclusion, seven phenylspirodrimane derivatives, stachybochartins A-G (1-7), together with four known analogues were isolated from the endophytic fungus Stachybotrys chartarum. The four dimers are structurally infrequent, especially stachybochartins A and B with their C7 0 -C7 000 linkages. The dimers, along with stachybochartin G, displayed cytotoxic activities against human MDA-MB-231 breast cancer cells and U-2OS osteosarcoma cancer cells, and the activation of caspase-dependent apoptosis was the possible pathway for their anticancer activities. In addition, stachybochartin G, which features a seco-bisabosqual skeleton, showed stronger activity than normal phenylspirodrimanes. These ndings may provide evidence for further research into the anticancer activities of these compounds.
Experimental section

General experimental procedures
Optical rotations were measured with a Jasco P-1020 polarimeter (Jasco, Tokyo, Japan). UV spectra were acquired with a Shimadzu UV-2450 spectrophotometer (Shimadzu, Tokyo, Japan). CD spectra were recorded using a Jasco J-810 spectrometer (Jasco, Tokyo, Japan 
Fungal materials and fermentation
The fungal strain Stachybotrys chartarum PT2-12 was isolated from rhizomes of Pinellia ternata, which were collected from the suburb of Nanjing, Jiangsu Province, People's Republic of China, in October 2014. It was identied according to morphological studies, which were reinforced by 18S rDNA and internal transcribed spacer (ITS) sequences with 100% identity matching to known S. chartarum (GenBank accession No. KC787692.1). The fungus S. chartarum was cultured on potato dextrose agar (PDA) at 28 C. Seven days later, agar plugs were cut into small pieces (about 0.3 Â 0.3 Â 0.3 cm 3 ) under aseptic conditions, 3-4 pieces of which were inoculated in an Erlenmeyer ask (500 mL) containing 200 mL of potato dextrose liquid medium. Then the asks were incubated on a rotary shaker at 28 C and 160 rpm for 7 days to prepare the seed culture.
Fermentation was carried out in 30 Erlenmeyer asks (2 L), each containing 320 g of rice and 400 mL of distilled H 2 O; these were cultivated at 28 C for 45 days. The solid culture medium was soaked overnight and sterilized at 121 C for 20 min before use.
Extraction and isolation
The solid rice material was extracted with an equal volume of ethyl acetate (EtOAc) three times at room temperature, and the 
Cell cultures
MDA-MB-231 (human triple-negative breast cancer), MCF-7 (human breast cancer) and U-2OS (human osteosarcoma) cells were obtained from the Cell Bank of the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). MDA-MB-231 was cultured in DMEM medium. MCF-7 cells and U-2OS cells were cultured in RPMI-1640 medium. All cell lines were supplemented with 10% FBS containing 50 mg mL À1 penicillin and 50 mg mL À1 streptomycin, and were grown in an incubator at 37 C with 5.0% CO 2 under a humidied environment.
Cell viability assays and colony formation assays
Cell viability was measured via a standard colorimetric test using MTT. Cells were plated in standard 96-well culture plates (5 Â 10 3 cells per well). Aer a 24 h period of incubation, cells
were treated with various concentrations of stachybochartin C (3) or stachybochartin G (7) for 24, 48 and 72 h. DMSO (0.1%) was used as a vehicle, the nal concentration of which was less than 0.1% (v/v). 20 mL of MTT (5 mg mL À1 ) solution was added to each well and the plates were incubated for about four hours. The formed formazan crystals were dissolved in DMSO (150 mL per well) under constant shaking for 10 min. The absorbance of formazan production was measured using an ELISA reader (SpectraMax Plus384, Molecular Devices, Sunnyvale, CA) at 570 nm (test wavelength) and 650 nm (reference wavelength). Cell viability was calculated via the following formula:
% cell viability ¼ (A t /A s ) Â 100%
where A t and A s denote the absorbances of the test substance and solvent control, respectively. For colony formation, 1000 cells were plated in 6-well culture plates. Aer treatment with various concentrations of stachybochartin C, stachybochartin G, and 0.1% DMSO for 14 days, the cells were stained with crystal violet solution (Beyotime, Jiangsu, China). The cell viability assays and colony formation assays were performed as previously described. . Aer incubation at room temperature and protection from light for 30 min, the cells were then analyzed via ow cytometry (488 nm excitation and 647 nm emission lters) using a BD Accuri C6 ow cytometer.
